Vertical-axis wind turbines (VAWTs) are attractive tools for wind energy extraction particularly suitable for small consumers or off-grid areas. Although their geometry is simple (here, rectangular blade of constant airfoil is assumed), aerodynamic analysis may be quite complex. Computational fluid dynamics (CFD) approach is employed for the estimation of rotor aerodynamic performances. This paper provides a review of possible multiobjective optimization strategies for the design of small-scale VAWT laminate blades in terms of its main structural parameters: ply-order and ply-number. Numerous structural analyses of the composite turbine blades were performed by finite element method (FEM). Multi-criteria constrained optimizations, by an evolutionary method − particle swarm optimization (PSO), were performed with respect to blade total mass, maximum blade tip deflection under static loading, computed natural frequencies and failure index along the blade. By combining different input and output parameters (cost functions and constraints) a large variety of feasible solutions can be achieved.
INTRODUCTION
In accordance with the current industrial and economic trends and the appeal of renewable energy sources, wind turbine blades present one of the contemporary topics of scientific and engineering research [1, 2] . The work presented in [3] gives a good overview of the complete wind turbine rotor blades development process and accentuates the importance of a synchronous coordination between several (equally important) research areas: design (aerodynamic and structural), regulations and standards, applied materials, manufacturing technologies and verification testing. It also promotes the use of various contemporary engineering techniques such as: design improvement, optimization, use of novel materials, etc.
Throughout the past century several different wind turbine concepts have been tried, usually categorized according to the direction of their rotational axis. Somewhat less known, but also interesting and promising type is a vertical-axis wind turbine (VAWT) of a geometrically much simpler shape than a conventional horizontalaxis wind turbine (HAWT). The distinctive characteristics of VAWTs include: simple design, low production cost, operability in "dirty" winds (of changeable intensity and direction), as well as somewhat lower efficiency than HAWTs. Interesting work on the possible improvement of their aerodynamic performances can be found in [4, 5] .
The subject of this investigation, a Darrieus straightbladed VAWT, contains blades of constant chord and airfoil along their lengths. The research motive is the improvement of its structural design which could ulti-mately lead to the reduced blade mass and cost, prolonged working life, reduced loading to the tower, etc. (numerous advantages) while preserving structural reliability and integrity. Given that contemporary wind turbine blades are mostly composite [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , particularly in small-scale constructions, the paper investigates the possibilities of applying a multi-objective optimization approach to the blade structural design.
Optimization of the blade composite lay-up and ply orientations can be done numerically, by coupling a finite element (FE) solver with a multi-objective optimiation method. Given the complexity and nonlinearity of both cost-functions and imposed constraints, usually, one of the evolutionary, heuristic methods is applied [8] [9] [10] [11] [12] . This methodology can be implemented to HAWTs and VAWTs, as well as other mechanical parts/systems. Albanesi et al. [7] performed optimizations of HAWT blade by genetic algorithm (GA), Wang et al. [9] dealt with large VAWT blade also by GA, while Chen et al.
[10] used a particle swarm optimization (PSO) method. This research paper communicates several different multi-objective PSO strategies with integer design variables. It is arranged in the following fashion: the following section describes the initial blade geometry after which the estimation of its aerodynamic performances by computational fluid dynamics (CFD) approach is given. Section "Structural model" clearly explains the assumed blade laminate structure, with its parameterization and optimization algorithm described in detail in the following section. Finally, the gained experiences and results, discussion and conclusions are listed in the end.
GEOMETRIC MODEL
The starting, reference blade model designed for a straight small-scale Darrieus VAWT of nominal power P nom = 500 W is presented in Fig 
FLOW COMPUTATION
Aerodynamic performances of the wind turbine rotor are computed by finite volume method in the commercial software package ANSYS FLUENT [14] . Fundamental equations governing the transient, incompressible, turbulent fluid flow are solved in integral form and closed by a two-equation k-ω SST turbulence model [15] . Since the flow in question is complex and asymmetric with flow phenomena being present, one of the computationally most expensive numerical approaches, "Sliding mesh", had to be employed. With this concept, the computational domain has to comprise at least two independent zones that move relevant to each other. As illustrated in Fig. 2 , the wind turbine rotor consists of 3 isolated blades. Computational domain around the blades is split into two adjacent zones: inner, rotational cylinder − rotor, and outer, stationary block − stator. The radius of the rotating part is 1.33R, while its height extends ±0.75L in the vertical direction. The limits of the outer domain are: −3R before and 11R after the rotational axis along the longitudinal x-axis, ±4R along the lateral y-axis and ±2L along the vertical z-axis.
In order to assure the independence of results from the computational grid, mesh convergence study was performed. The final mesh, used throughout this study, is hybrid unstructured, containing approximately 3.2 million cells. Biased cell size functions are defined along the blade edges, in both chord-and span-wise directions. Inner, rotor zone is more refined than the outer stator. Cells grow larger towards the outer boundaries, Fig. 3 . Twenty layers of prismatic cells with growth rate q = 1.2 encompass the blades. First layer thickness is y 1 = 0.05 mm resulting in dimensionless distance from the wall y + < 5.
Figure 3. Cross-section of the computational grid with two distinct zones
Numerical simulations for incompressible, viscous fluid were performed in ANSYS FLUENT. Unsteady Reynolds-averaged Navier-Stokes equations were closed by a two-equation k-ω SST turbulence model, a combination of standard k-ω model near the walls and k-ε in the outer layer [15] . Fluid, air, was considered as incompressible gas of constant dynamic viscosity (this is an adequate assumption due to small wind velocities).
Boundary conditions are defined as follows. Undisturbed wind speed V o ranging from 6 m/s to 18 m/s together with the necessary turbulent quantities − intensity t = 5% and relative turbulent viscosity ν t /ν = 10 are defined at the inlet surfaces while atmospheric pressure is set at the outlet. Rotational zone motion (of constant angular velocity ω for all flow cases) is assigned to the rotor, while blades are considered as no-slip rotational walls.
For solving the flow equations pressure-based solver with SIMPLEC pressure-velocity coupling is used. All spatial derivatives are approximated by 2nd order schemes, while temporal discretization is of the 1st order. Time step, Δt = T/72, corresponds to 5° angular increment. Ten iterations are performed per each time-step. Each flow case simulation lasted at least 5 revolutions until quasi-convergence of aerodynamic coefficients was achieved.
Although all recorded quantities are periodic, an example in the form of generated torque is illustrated in Fig. 4 , it is possible to evaluate global aerodynamic performances of the wind turbine by using the mean values of aerodynamic torque. Figure 5 shows both averaged power coefficient curve with respect to tipspeed ratio C P (λ), as well as the estimation of the wind turbine mechanical power with respect to wind speed P(V o ). It seems that maximal power coefficient C Pmax = 0.2633 can be achieved at the optimal working regime λ opt = 2.86 which corresponds to the wind speed V o = 11 m/s. Additionally, due to the shape of the power curve, very similar power coefficients are accomplished at V o = 10 m/s and V o = 12 m/s. Computed force variations acting on a single blade during one revolution for the several different working regimes (wind speeds) are depicted in Fig. 6 . The differences in aerodynamic contributions in the "upwind" (−90° ≤ θ ≤ 90°) and "downwind" (90° ≤ θ ≤ 270°) part of the rotor, which present the main dynamic, cyclic loading these wind turbines are exposed to, are significant and apparent.
The obtained maximum values of normal and tangential forces at wind speed V o = 18 m/s were later used as the load input for the structural computations and blade dimensioning. 
STRUCTURAL MODEL
Simplified blade model, consisting solely of the upper and lower outer surfaces and a single shear web located at the first quarter of the airfoil, is assumed as a symmetric Epoxy E-Glass laminate consisting of 55% unidirectional plies organized in the following sequence [(θ 1 ) n1 /(θ 2 ) n2 /(θ 3 ) n3 /(θ 2 ) n2 /(θ 2 ) n2 /(θ 1 ) n1 ], where all six design variables n 1 , θ 1 , n 2 , θ 2 , n 3 and θ 3 are integers. Material properties are listed in Table 1 . Generated finite element meshes consist of approximately 4500 quadrilateral shell elements, Fig. 7 . Due to its small size, the blade is only clamped at the middle cross-section. Uniformly distributed aerodynamic, inertial and gravitational loads are applied along the blade. 
OPTIMIZATION
Given the complexity of the problem that involves nonlinear objective functions, inequality constraints and various discrete design variables, the optimization of the blade structure was performed by a non-deterministic particle swarm method [16] inspired by the behavior of a group of individuals in the search for food. Ever since its formulation in 1995, it has been excessively used for its algorithm (and code) simplicity and rapid convergence.
The current position of each individual particle in the design space is characterized by the following vector [n 1 θ 1 n 2 θ 2 n 3 θ 3 ], where n i denotes ply number and θ i its orientation with respect to the longitudinal x-axis of the blade. Thickness of a single ply is assumed to be dt = 0.1 mm, resulting in the total laminate thickness t = (2n 1 + 2n 2 + n 3 )dt. Minimum ply number is 5. From the design space boundaries, listed in Table 2 , it can be concluded that the total number of possible blade structure designs goes beyond 1 million. In every iteration, every particle moves through the design space by the velocity vector that is computed partially randomly and takes into account both "cognitive" and "social" influence. Two-criterion assessment in PSO was achieved by forming an archive of non-dominated Pareto solutions. The chosen cost-functions are minimum blade mass min(m) and minimal blade tip deflection min(u tip ): min(m) min(u tip ) subject to: 3] . The imposed constraints are meant to assure long and reliable blade operation, both static and dynamic. Therefore, they include: the satisfactory value of Tsai-Wu failure index I fail along the whole blade and sufficient difference between the first 5 natural frequencies ν i and the integer multiplies of the nominal rotor angular frequency nν nom . Here, minimal frequency difference was set to Δν = 0.5 Hz which corresponds to 15% of the nominal rotor angular frequency. The large value of the safety factor is adopted since discrepancies between the actual and modeled geometry can be expected. Modal analysis of rotational composite structures is very important for their safe and steady functioning. Similarly to [13] , the eigenvalue extraction was performed by the Lanczos method.
Likewise, the goals and constraints of the performed three-criterion PSO of the blade structure are: min(m) min(u tip ) max(|nν nom − ν i |) subject to: I fail ≤ 1. Considering the swarm organization, total number of particles was 100 while the number of iterations was 30 (plus the initial step). Results convergence was assured by repeating the optimization procedures several times and by varying the swarm size and number of computational steps.
RESULTS AND DISCUSSION
The distinctiveness of a multi-objective optimization, in comparison with the classic single-objective, is that its outcome is not a single design, but rather a set of optimal designs from which it is possible to choose. The obtained 2D and 3D Pareto frontiers (sets of optimal solutions) together with all computed particles are presented in Figs. 8 and 9 respectively. For 2D optimization and 2D Pareto frontier, the total number of plies varies from 6 to 29 resulting in blade mass lower bound of 0.41 kg to maximum 1.96 kg. Corresponding blade tip deflections range from 10.31 mm to 4.33 mm. Furthermore, the conducted optimization procedure demonstrates that while the outer (n 1 ,θ 1 ) and inner layer (n 3 ,θ 3 ) may be aligned at angles such as 0° and 15° but also 75° and 90°, the middle layer can exclusively be oriented at 0°. Interestingly, the angle of 45° is not present in any layer. All optimal designs satisfy the imposed constraints.
In case both selected criteria are considered equally important, one way to select the optimal solution may be by choosing the particle closest to the point (0,0) in normalized coordinates. In this 2D example, the optimal design chosen for further analysis and comparison is defined by [1, 90°, 1, 0°, 4 , 0°] and named model 1 for the remainder of the study. Performed 3-criterion PSO resulted in a Pareto frontier of a saddle-like shape, Fig. 9 . Furthermore, more insight into the relations between the selected criteria was achieved. Also, some differences between the two optimization procedures exist. First of all, 3D PSO resulted in somewhat heavier blades. Attained blade mass values range from 0.61 kg to 2.84 kg, i.e. total number of plies varies between 9 and 42. On the other hand, additionally strengthened blade structure also implies lower tip deflections, with values ranging between 4.34 mm and 8.47 mm. Differences in inner structure are also notable. While the inner and middle layers can be oriented at various angles, the outer, symmetric layer is now dominantly aligned along the longitudinal x-axis (at 0°). The optimal solution, named model 2, chosen for supplementary examination is defined by [3, 0°, 1, 90°, 1, 60°]. The differences in computed mass and tip displacement of the two structural designs, model 1 and model 2, including the maximum failure index along the blade and the first five natural frequencies are listed in Table 3 . Figure 11 illustrates the computed natural oscillation shapes of the two models (1 and 2). Distinctions in their dynamic behavior become particularly visible at higher frequencies. The first mode, corresponding to a teetering seesaw, is a direct consequence of a single, constraint (clamp) along the middle line of the blade. While the second mode can be classified as dominantly pure bending, and all the higher modes demonstrate complex coupled bending-torsional behavior. 
CONCLUSIONS
The conducted research presents one possible approach to the conceptual design of a laminate blade structure through the use of multi-objective optimization procedure. Although the model is simple and number of design variables is not great, this engineering problem incorporates various research areas (e.g. aerodynamics, structural analysis, dynamic behavior, computation, optimization, etc.) and requires a multi-disciplinary approach and a robust optimization strategy. Aerodynamic performances of the designed wind turbine are estimated by CFD, i.e. by unsteady RANS equations closed by a two-equation k-ω SST turbulence model. Computed transient aerodynamic forces acting on the blade are then used together with gravitational and inertial loads in the dimensioning of the structure in question. Through the integration of computational mechanics with a relatively novel heuristic optimization method, realized for both 2-and 3-criterions, sets of optimal solutions were determined and selected designs additionally investigated. In order to make the best choice when aspects such as blade mass, amount and cost of used material, manufacturing process, etc. are of interest, simultaneous consideration of various, often opposing, aspects has to be performed. This paper also illustrates the comparison and individual assessment of the chosen optimal designs and justifies the application of a general mathematical model to a real engineering problem.
Demonstrated methodology could also be successfully applied to structures of greater dimensions as well as more complex geometries such as HAWT and propeller blades. Therefore, further work on this topic involves more complex blade geometries or inner structures, a different collection of cost-functions and constraints or the use of another optimization method. It was also presented at YOUng ResearcherS Conference, YOURS 2019, held in Belgrade, where it was chosen as one of the best papers and was awarded with the publication in the journal FME Transactions.
